Introduction
============

The p53 tumor suppressor protein is activated in response to a variety of cellular stresses, such as DNA damage, oncogene activation, and nucleotide depletion.^[@bib1],\ [@bib2]^ As a *bona fide* transcription factor, p53 transactivates its target genes in response to these stresses, resulting in cell-cycle arrest, senescence, or apoptosis, to prevent the proliferation of damaged cells.^[@bib3]^ The best known examples of such targets include p21 and MDM2.^[@bib4],\ [@bib5]^ More than one hundred p53 direct transcriptional targets have so far been identified.^[@bib6],\ [@bib7]^ Transcriptional activation by p53 is well understood and involves the direct recruitment of p53 tetramers to its response element present on target promoters.^[@bib8]^

p53 can also transcriptionally repress the expression of a number of genes.^[@bib9]^ Both direct and indirect mechanisms of repression have been proposed. Direct mechanisms involve the recruitment of p53 to the promoter regions of its target genes.^[@bib1],\ [@bib10]^ This has been reported to occur either through the direct binding of p53 to its response element, or through interaction with other transcription factors at their respective binding sites.^[@bib10]^ Genes reported to be regulated by p53 through these direct mechanisms include survivin (BIRC5), CDC25C, CDC25B, CHK2, cyclin B, CKS1B, RECQL4, and CDC20.^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19]^

Indirect p53-mediated repression has also been implicated through activation of its direct transcriptional target, p21.^[@bib20]^ p21, a member of the Ink4a/Cip1 family of cyclin-dependent kinase (CDK) inhibitors, induces cell-cycle arrest by binding and inhibiting CDK4 and CDK6/cyclin D complexes, resulting in de-phosphorylation and activation of the retinoblastoma (RB) pocket proteins that function together with E2F transcription factors to repress the transcription of cell cycle-related genes.^[@bib21]^ p53-repression targets regulated by p21 include hTERT, EZH2, and CHK1.^[@bib22],\ [@bib23],\ [@bib24]^ However, for many p53 target genes, there are conflicting reports as to whether this repression occurs through direct or indirect mechanisms.^[@bib13],\ [@bib14],\ [@bib18],\ [@bib25],\ [@bib26],\ [@bib27]^ A better understanding of the mechanisms of p53-mediated repression is critical, since many of the genes repressed by p53 contribute to its tumor-suppressor activity by affecting cell-cycle arrest and apoptosis.^[@bib18],\ [@bib28],\ [@bib29],\ [@bib30]^ Here, we show that p53-mediated repression occurs indirectly through p21, and is completely independent of p53 binding to target promoters. We provide novel evidence that the mechanism of repression through p21 involves the recruitment of E2F4 repression complexes onto these target promoters. Furthermore, we use data mining to extrapolate these results, suggesting that a similar repression mechanism occurs globally.

Results
=======

p21 expression is necessary for the downregulation of p53-repression targets
----------------------------------------------------------------------------

To investigate the role of p21 in p53-mediated gene repression, we induced p53 activity in the HCT116 colon carcinoma cell line expressing wild-type (WT) p53 and p21, or its isogenic derivatives containing a somatic knockout of either p53 (HCT116 p53−/−)^[@bib31]^ or p21 (HCT116 p21−/−),^[@bib32]^ by treating them with doxorubicin or nutlin-3. Doxorubicin activates p53 by inducing DNA double-strand breaks through topoisomerase II inhibition,^[@bib33]^ and nutlin-3 stabilizes p53 by inhibiting the interaction between p53 and its negative regulator, MDM2, in the absence of genotoxic stress.^[@bib1]^ Doxorubicin and nutlin-3 treatment of HCT116 WT cells led to a G2 and G1 cell-cycle arrest, respectively ([Figure 1a](#fig1){ref-type="fig"}). Treatment with doxorubicin also led to a G2 cell-cycle arrest in HCT116 p53−/− and HCT116 p21−/− cells, whereas treatment with nutlin-3 did not induce an arrest in these same cells ([Figure 1a](#fig1){ref-type="fig"}). Next, we examined the ability of p53 to activate or repress well-established p53 target genes under these conditions. As shown in [Figure 1b](#fig1){ref-type="fig"}, p21 was upregulated by both doxorubicin and nutlin-3 treatments of HCT116 WT cells, but was not induced in either HCT116 p53−/− or HCT116 p21−/− cells. Furthermore, the known p53 direct transcriptional activation targets, MDM2 and PIG3, were equally upregulated in HCT116 WT and HCT116 p21−/− cells with either doxorubicin or nutlin-3 treatment, but were not induced in HCT116 p53−/− cells ([Figure 1b](#fig1){ref-type="fig"}).

Among a number of reported p53-repressed genes, we included survivin, CDC25C, and CDC25B in our analysis based on their strong transcriptional repression in our microarray analysis of p53-induced expression changes and published studies implicating them as direct p53 transcriptional targets with key roles in cell-cycle progression and apoptosis.^[@bib16],\ [@bib17],\ [@bib18],\ [@bib34]^ As expected, the expression levels of each of these p53-repression targets decreased in HCT116 WT cells in response to both doxorubicin and nutlin-3 treatments, but not in HCT116 p53−/− cells ([Figure 1c](#fig1){ref-type="fig"}). However, this repression did not occur in HCT116 p21−/− cells ([Figure 1c](#fig1){ref-type="fig"}). These results indicated that the presence and/or activation of p21 were likely required for p53 to repress these target genes.

Inhibition of p21 abrogates the ability of p53 to repress its target genes
--------------------------------------------------------------------------

To confirm that p21 was necessary for p53-dependent target gene repression, we knocked down p21 expression by shRNA in EJp53 bladder carcinoma cells ([Figures 2b and c](#fig2){ref-type="fig"}), which are p53 null but express exogenous p53 under the control of the tetracycline (tet)-off promoter.^[@bib35]^ When p53 was induced in these cells expressing the control shRNA (EJp53-shGFP), they underwent a significant G1 cell-cycle arrest ([Figure 2a](#fig2){ref-type="fig"}). In contrast, this arrest was abrogated in EJp53 cells expressing the shRNA against p21 (EJp53-shp21) ([Figure 2a](#fig2){ref-type="fig"}). Of note, despite comparable levels of p53 induction and activation of its direct transcriptional target, MDM2 ([Figures 2b and c](#fig2){ref-type="fig"}), transcriptional downregulation of the p53-repression targets, survivin, CDC25C, and CDC25B was inhibited in EJp53-shp21 cells ([Figure 2d](#fig2){ref-type="fig"}). Thus, we demonstrated in two different cell lines that p21 was absolutely necessary for downregulating these genes in response to p53 activation.

Induction of p21 alone is sufficient for the downregulation of p53-repression targets
-------------------------------------------------------------------------------------

To determine whether p21 in the absence of p53 is sufficient for the downregulation of p53-repression targets, we compared the effects of upregulating either p53 or p21 using tet-regulated EJp53 and EJp21 cells, respectively, in which p21 expression was also controlled by the tet-off promoter.^[@bib35]^ In each case, removal of tet from the culture medium led to a G1 cell-cycle arrest ([Figure 3a](#fig3){ref-type="fig"}). Since EJp21 cells are p53 null,^[@bib35]^ the induction of p21 was independent of p53, and as expected, these cells showed no induction of MDM2 ([Figures 3b and c](#fig3){ref-type="fig"}). Of note, levels of p21 induction were lower in EJp21 than in EJp53 cells. However, all tested p53-repression targets, including survivin, CDC25C, and CDC25B, were downregulated in both of these cell lines ([Figure 3d](#fig3){ref-type="fig"}). Taken together, these results established that p21 induction was both necessary and sufficient for the downregulation of these p53-repression targets.

Induction of p16 also downregulates p53-repression targets
----------------------------------------------------------

To determine whether the decreased expression of p53-repression targets is specific to induction of p21, we measured p53 target gene repression in response to activation of p16. p16 (CDKN2A, p16^Ink4A^), like p21, binds to and inhibits CDK activity, leading to RB de-phosphorylation and repression of E2F target genes.^[@bib21]^ We utilized p53-null EJp16 cells, in which p16 expression is regulated by the tet-off promoter.^[@bib36]^ Induction of p16 in these cells ([Figure 4b](#fig4){ref-type="fig"}) led to a similar G1 cell-cycle arrest ([Figure 4a](#fig4){ref-type="fig"}) to that observed with induction of p53 and p21 in EJp53 and EJp21 cells, respectively ([Figure 3a](#fig3){ref-type="fig"}). Moreover, expression levels of the p53-repression targets survivin, CDC25C, and CDC25B all decreased in response to p16 induction ([Figure 4c](#fig4){ref-type="fig"}) in the absence of any detectable increase in p21 RNA levels (data not shown). These results strongly argued that downregulation of these p53-repression targets by p21 must involve downstream pathways shared with p16.

The RB-E2F pathway mediates p53-dependent transcriptional repression
--------------------------------------------------------------------

Even though p21 and p16 CDK inhibitors work independently in blocking cell-cycle progression, they both converge on the RB-E2F pathway.^[@bib21]^ To determine whether the E2F pathway is transcriptionally active during p53 induction, we analyzed mRNA levels of several genes established to be regulated through E2Fs, including E2F1, CDC6, CDC2, and cyclin A.^[@bib37]^ We observed decreased mRNA levels of each of these genes in response to induction of p53, p21, or p16 ([Figure 5a](#fig5){ref-type="fig"}). E2F target gene transcript levels were also reduced in HCT116 WT cells in response to doxorubicin or nutlin-3 treatment, but not in HCT116 p53−/− or HCT116 p21−/− cells ([Figure 5b](#fig5){ref-type="fig"}). These findings established that E2F-mediated signaling is repressed in a p21-dependent manner in response to p53 induction, and independently by either p21 or p16 induction. Moreover, the decreased expression of these E2F target genes positively correlated with that of the p53-repression targets, suggesting that their regulation involved a similar mechanism.

Negative E2F4 complexes mediate the transcriptional downregulation of p53-repression targets
--------------------------------------------------------------------------------------------

There are eight E2F genes in humans, encoding both activating and repressing transcription factors that regulate genes involved in cell-cycle progression, DNA replication and repair, and chromatin dynamics.^[@bib38]^ We focused on E2F1, E2F4, and E2F7, which represent different classes of E2F proteins. Whereas E2F1 normally binds to RB and mediates gene activation, E2F4 predominantly binds to p107 and p130 and mediates gene repression.^[@bib39],\ [@bib40]^ E2F7 also mediates gene repression but is not dependent on the RB pocket proteins.^[@bib41]^ To investigate the role of these E2Fs in the p53-dependent repression of survivin and CDC25C, we located putative E2F binding sites on their promoters,^[@bib42]^ and analyzed the relative occupancy of each of these E2Fs on their binding sites in EJp53 cells. While E2F1 showed similar promoter occupancies on the selected p53-repression targets regardless of p53 status, the promoter occupancy of E2F4 on the same targets dramatically increased with p53 induction (from 0.2% to 0.5% input to 2.0--3.2% input) ([Figure 6a](#fig6){ref-type="fig"}). Under the same conditions, neither E2F1 nor E2F4 occupied a control sequence located within the acetylcholine receptor (AChR) ([Figure 6a](#fig6){ref-type="fig"}). As additional controls, E2F1 and E2F4 also bound to the promoters of well-established E2F targets: CDC2, E2F1, CDC6, and cyclin A ([Figure 6a](#fig6){ref-type="fig"}).^[@bib37]^ Of note, we observed even a greater increase in E2F4 promoter occupancy on the survivin and CDC25C promoters than on these well-established E2F targets. In contrast, E2F7 did not bind to any of the p53-repression target promoters tested and only bound to a subset (E2F1 and CDC6 but not CDC2 or cyclin A) of established E2F targets ([Figure 6a](#fig6){ref-type="fig"}).^[@bib43]^ Therefore, based on our chromatin immunoprecipitation (ChIP) analysis, E2F7 was unlikely involved in the downregulation of these p53-repression targets.

We next investigated whether p21 induction in EJp21 cells can also mediate the recruitment of E2F4 to p53-repression target promoters. As shown in [Figure 6b](#fig6){ref-type="fig"}, p21 induction in these cells resulted in similar E2F1, E2F4, and E2F7 binding patterns on p53 repression and established E2F target promoters to those observed with p53 induction in EJp53 cells. Of note, the extent of E2F4 binding was lower in EJp21 than in EJp53 cells, which correlated with lower levels of p21 induction in these cells and the lesser degree of downregulation of p53-repression target genes analyzed ([Figures 3c and d](#fig3){ref-type="fig"}). All of these results argued that p53 target gene repression was mediated by p21-dependent activation of repressive E2F4 complexes, and their binding to these promoters.

The p53-repression target alternative reading frame (ARF) is not regulated by p21 or E2F4 repressive complexes
--------------------------------------------------------------------------------------------------------------

Recently, ARF was reported to be a direct p53-repression target.^[@bib44]^ Using our same strategy to test whether its repression is dependent on p21 and E2F4, we found that while ARF was repressed by induction of p53, induction of neither p21 nor p16 was able to decrease its expression level in EJ carcinoma cells ([Figure 7a](#fig7){ref-type="fig"}). Furthermore, knockdown of p21 in EJp53 cells did not abrogate p53-mediated repression of ARF expression ([Figure 7b](#fig7){ref-type="fig"}). We also compared E2F1 and E2F4 occupancy on the ARF promoter in the presence and absence of either p53 or p21 induction. Unlike the other reported p53-repression targets, or well-established E2F target genes, we observed no correlation between E2F4 promoter occupancy and ARF repression in response to p53 or p21 induction ([Figures 7c and d](#fig7){ref-type="fig"}). These findings suggested that the mechanism of ARF repression was independent of p21 and E2F4 and thus differed from that of survivin, CDC25C, and CDC25B repression targets.

E2F4 promoter recruitment by RB pocket proteins is essential for p53-mediated repression
----------------------------------------------------------------------------------------

E2F4 mainly interacts with unphosphorylated p107 and p130 pocket proteins, and this interaction is critical for its recruitment to target promoters.^[@bib40],\ [@bib45]^ The HPV E7 oncoprotein disrupts the formation of these complexes, and hence the ability of E2F4 to bind to target promoters and repress gene expression.^[@bib46]^ We therefore hypothesized that in the presence of HPV E7, E2F4 would no longer be recruited to p53-repression target promoters. To determine whether this was the case, we infected EJp21 cells with an HPV E7 expressing lentivirus or vector control and induced p21 expression ([Figures 8a and b](#fig8){ref-type="fig"}). In the presence of HPV E7, E2F4 recruitment to p21-dependent p53-repression target promoters was significantly impaired ([Figure 8c](#fig8){ref-type="fig"}), and p21 failed to downregulate its repression targets ([Figure 8d](#fig8){ref-type="fig"}). Moreover, p21 overexpression failed to downregulate the expression of these same target genes in HeLa cells ([Supplementary Figures 1a and b](#sup1){ref-type="supplementary-material"}), which endogenously express HPV E7.^[@bib47]^ These results indicate that proper pocket protein function and E2F4 binding to p53-repression target promoters are required for p21-dependent downregulation of p53-repressed genes.

Since E2F4 mainly interacts with p130 and p107, we hypothesized that this repression was independent of RB. To test this possibility, we utilized Saos-2 osteosarcoma cells, which contain a non-functional RB gene due to deletion of exons 21--27, but possess functional p130 and p107 proteins.^[@bib48]^ Similarly to EJp21 cells, overexpression of p21 in Saos-2 cells ([Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}) resulted in the downregulation of survivin, CDC25C, and CDC25B but not ARF ([Supplementary Figure 1d](#sup1){ref-type="supplementary-material"}). These results demonstrated that functional RB was not required for p21-dependent repression of p53 target genes.

p53-dependent gene repression is globally associated with E2F4 promoter occupancy
---------------------------------------------------------------------------------

To determine whether E2F4 promoter occupancy is universally associated with p53-mediated repression, we utilized bioinformatic tools to compare a ChIP-seq data set for E2F4^[@bib49]^ with an expression microarray data set of p53-regulated genes.^[@bib34]^ We found a strong negative correlation between the E2F4 ChIP-seq peak score, a measure of E2F4\'s binding strength on each promoter,^[@bib49]^ and the gene expression levels at both 12 and 24 h after p53 induction, with a Pearson correlation of −0.2458 and −0.4215, respectively (*P*-value\<2e−16 for both time points) ([Figure 9a](#fig9){ref-type="fig"}). These analyses indicated that the promoters of a large number of p53-repression targets were able to bind E2F4 and, conversely, that those of p53 activation targets generally were not.

To further assess the correlation between p53-dependent gene repression and E2F4 binding, we divided the E2F4 ChIP-seq scores into groups of low (\<4.5), medium (4.5--7.5), high (7.5--20), or very high (\>20) binding affinities and compared the percentages of p53 upregulated and downregulated genes in each group. Since there were many more downregulated than upregulated genes, we normalized these results to the total number of genes in each group. Strikingly, over 70 and 90% of p53-regulated genes that bound E2F4 with high or very high affinity, respectively, were downregulated, while the majority of genes that had low or no binding were upregulated in response to p53 ([Figure 9b](#fig9){ref-type="fig"}). Of note, the p53-repression targets survivin, CDC25C, and CDC25B fit within the high and very high E2F4 binding groups. This data mining approach uncovered a large number of additional genes repressed by p53 that may also be regulated indirectly through p21 and E2F4 ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Furthermore, the p53-repressed genes that displayed very strong E2F4 binding were functionally enriched in cell cycle, DNA replication, and DNA repair KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}), consistent with the known functions of E2F transcription factors.^[@bib38],\ [@bib50]^ Together, these findings established repression through E2F4 as a general mechanism of p53-mediated repression.

Discussion
==========

Direct versus indirect repression by p53
----------------------------------------

Previous studies indicated that p53-mediated repression occurred through direct p53 binding to the promoters of genes such as survivin and CDC25C.^[@bib17],\ [@bib18]^ The main evidence involved ChIP and EMSAs indicating p53 binding to specific repression elements.^[@bib51],\ [@bib52]^ By contrast, we demonstrated that the expression of these same genes was downregulated by p21 in cell lines that do not contain p53 and that in the absence of p21, p53 was unable to repress these same target genes. Induction of p21 in the absence of p53 is physiologically relevant since growing evidence suggests that p21 may also be activated independent of p53-mediated transcription.^[@bib53]^ These results establish that neither p53 presence nor its association with repression target promoters is required for this repression. Other groups have shown that DNA binding of transcription factors can occur without any effect on the transcription of proximal genes.^[@bib54],\ [@bib55]^ One possibility is that these 'nonfunctional sites\' protect their transcription factors from degradation and thus may have a role in other aspects of the overall transcriptional response.^[@bib55]^ Our present findings are also consistent with more recent evidence that p53-mediated repression can occur indirectly through p21,^[@bib1],\ [@bib10]^ and we have recently shown that p21 is also required for the downregulation of SUV39H1 mRNA expression by p53.^[@bib56]^ Thus, we conclude that p21 is both necessary and sufficient for p53-dependent repression of these target genes.

Indirect repression by p53 requires p21 and the recruitment of E2F4 repression complexes
----------------------------------------------------------------------------------------

We observed that induction of p16 alone, in addition to either p53 or p21, could equally downregulate the expression of several p53-repression targets (survivin, CDC25C, and CDC25B), implicating the involvement of their common downstream RB-E2F pathway in their repression. In addition, we observed by ChIP analysis that the promoter occupancy of these genes by E2F4 was increased by induction of both p53 and p21, providing novel evidence that E2F4 is recruited to these target promoters. Furthermore, abrogation of E2F4 binding to target promoters prevented the downregulation of these genes, demonstrating that p53-dependent gene repression through p21 is mediated via the recruitment of E2F4 repression complexes.

Our findings that inactivation of RB alone was not enough to eliminate E2F4-mediated repression of p53 targets suggest that the other pocket proteins, p130 and/or p107, cooperate with E2F4 in regulating p53-dependent gene repression through p21. Since p53 activation has been shown to increase p130 protein expression in a p21-dependent manner, while decreasing the levels of RB and p107, p130 is most likely the pocket protein involved.^[@bib57]^ E2F4 is known to have a crucial role in cell proliferation,^[@bib49]^ accounting for the majority of E2Fs associated with their target promoters during G0 and G1 cell-cycle phases.^[@bib58]^ Recently, it was shown to have a major role in the repression of cell-cycle genes through interaction with the larger DREAM complex (which also consists of p130) in G0 and G1 cell-cycle phases.^[@bib59],\ [@bib60]^ These findings further implicate p130 as the pocket protein most likely responsible in concert with E2F4 for mediating repression of p53 target genes through p53 upregulation of p21.

A recent study in which genome-wide E2F4 binding was analyzed by ChIP-seq identified E2F4 occupancy on the promoters of over 7000 genes.^[@bib49]^ To determine the extent by which E2F4 mediates p53-dependent repression, we mined these data, and compared it with that of p53-regulated genes identified from our recent p53 microarray.^[@bib34]^ Using this approach, we were able to identify a large number of additional p53-repressed genes that also bound E2F4 on their promoters. In addition to the genes we identified as E2F4-mediated p53 indirect targets, several other reported p53 direct repression targets^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib19]^ showed binding of E2F4 on their promoters including CHK2, cyclin B, CKS1B, RECQL4, and CDC20, all of which were categorized in the very high binding group (see [Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Thus, p53-mediated, and p21-dependent, transcriptional repression is globally regulated through E2F4.

p21-independent repression of ARF
---------------------------------

We observed that ARF, while downregulated by p53, was not regulated by or dependent on p21. Furthermore, E2F4 was not significantly recruited onto the ARF promoter during p53 upregulation. Our data are consistent with another study that could not detect E2F4 on the ARF promoter in quiescent fibroblasts.^[@bib61]^ E2F3b has been shown to repress transcription of ARF in quiescent mouse embryonic fibroblasts.^[@bib62]^ Moreover, we have observed that E2F3b is upregulated in response to p53 and that it contains putative p53 response elements (our unpublished data). Thus, it is conceivable that ARF repression and possibly repression of other p53 targets occur indirectly via p53-dependent upregulation of E2F3b.

Physiological relevance of p53-dependent, E2F4-mediated gene repression
-----------------------------------------------------------------------

The mechanism of p53-mediated repression is of particular interest, since we and others have found that many more genes are downregulated than upregulated upon p53 induction in several different cell model systems.^[@bib34],\ [@bib63],\ [@bib64],\ [@bib65],\ [@bib66]^ Furthermore, p53-repressed genes, which were very strongly enriched for E2F4 binding, have proliferation promoting functions including DNA replication, DNA repair, and cell-cycle progression. In response to cellular stress, p53 prevents cell-cycle progression and the replication of damaged DNA, in part by repressing such genes. Thus, cancer cells could lose the ability to repress these genes either by viral inactivation of RB pocket proteins or by loss of p53 function, leading to increased proliferation and the propagation of damaged DNA.

Materials and methods
=====================

Cell culture, treatments, and lentiviral expression
---------------------------------------------------

EJp53, EJp21, and EJp16 cells, bladder carcinoma cells that express a tetracycline-regulated WT p53, p21, or p16, respectively,^[@bib35],\ [@bib67]^ were grown in Dulbecco\'s Modified Eagle\'s Medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St Louis, MO, USA), 50 units/ml of penicillin/streptomycin, 750 μg/ml G418, 100 μg/ml hygromycin, and 1.0 μg/ml tetracycline. HCT116 WT, HCT116 p53−/−, and HCT116 p21−/− colon carcinoma cells were cultured in Dulbecco\'s Modified Eagle\'s Medium supplemented with 10% fetal bovine serum and 50 units/ml of penicillin/streptomycin.^[@bib31],\ [@bib32]^ Saos-2 osteosarcoma and HeLa cervical cancer cells were grown in Dulbecco\'s Modified Eagle\'s Medium supplemented with 10% fetal bovine serum and 50 units/ml of penicillin/streptomycin. All cells were cultured at 37 °C and 90% humidity in a 5% CO~2~ incubator. (+/−)-Nutlin-3 (Cayman Chemicals, Ann Arbor, MI, USA; 10004372) was used at a concentration of 20 μ[M]{.smallcaps} for 24 h. Doxorubicin (Sigma-Aldrich; D1515) was used at 0.5 μ[M]{.smallcaps} for 24 h. To ectopically express p21 and HPV16 E7, we used NSPI-derived lentiviral vectors.^[@bib68]^ Knockdown of p21 was achieved with pLK0.1-derived lentiviral vectors.^[@bib56]^ Lentiviral production and infection were carried out as previously described.^[@bib69]^

Cell-cycle analysis
-------------------

Trypsinized cells were stained with propidium iodide using the CycleTEST PLUS DNA reagent kit (BD Biosciences, San Jose, CA, USA), according to the manufacturer\'s instructions. In all, 20 000 stained cells were acquired on an FACS Calibur (BD Biosciences), and data were analyzed with the FlowJo 7.6 software (Tree Star, Ashland, OR, USA).

RNA extraction, cDNA synthesis, and real-time PCR analysis
----------------------------------------------------------

Total RNA was extracted from cells using QIAshredder (Qiagen, Valencia, CA, USA) and RNeasy Mini kit (Qiagen) following the manufacturer\'s instructions. First-strand cDNA synthesis was performed using Superscript II reverse transcriptase (Invitrogen) according to the manufacturer\'s instructions. Quantitative real-time PCR was carried out on the Mx3005P PCR machine (Agilent Technologies, Palo Alto, CA, USA) using the FastStart SYBR Green Master (Roche Diagnostics, Indianapolis, IN, USA; 04673492001) with gene-specific primers ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}). PCRs were performed in 96-well plates in 15 μl volumes under the following conditions: 95 °C for 15 min, followed by 40 cycles of 94 °C for 15 s, 61 °C for 30 s, and 72 °C for 30 s. Specificity was verified by a dissociation curve for each set of primers. Data were analyzed with the MxPro software (Agilent Technologies). 18S RNA was used as a normalizer.

Immunoblot analysis
-------------------

Whole-cell extracts were obtained by solubilizing cells in lysis buffer (50 m[M]{.smallcaps} Tris--HCl, pH 7.5, 150 m[M]{.smallcaps} NaCl, 1% Triton X-100), supplemented with protease and phosphatase inhibitors (Roche Diagnostics; 04693124001 and 04906845001). Protein samples (20--40 μg) were subjected to SDS--PAGE, transferred onto an Immobilon-FL filter (Millipore, Saint Charles, MO, USA) and probed with the indicated antibodies: p53 (1801; Mount Sinai School of Medicine Hybridoma Center, New York, NY, USA), p21 (BD Biosciences; 556431), MDM2 (Calbiochem, San Diego, CA, USA; OP46), HPV16 E7 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-6981), and β-actin (Sigma-Aldrich; A5441). Detection was carried out with an Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) with IR-dye-tagged secondary antibodies: Alexa Fluor 680 or Alexa Fluor 750 (Invitrogen).

Chromatin immunoprecipitation
-----------------------------

The ChIP assay was performed following a protocol provided by Millipore with several modifications. Crosslinked and washed cells were resuspended in 1 ml cell lysis buffer (0.5% IGEPAL CA-630, 85 m[M]{.smallcaps} KCl, and 20 m[M]{.smallcaps} Tris--HCl pH 8.1) supplemented with protease and phosphatase inhibitors, and incubated for 10 min on ice. Cell pellets were then resuspended in 200 μl of nuclei lysis buffer (1% SDS, 10 m[M]{.smallcaps} EDTA, and 50 m[M]{.smallcaps} Tris--HCl pH 8.1) supplemented with protease and phosphatase inhibitors, and incubated on ice for 10 min. Genomic DNA was sheared by sonication to an average size of 300 bp using the Bioruptor (Diagenode, Denville, NJ, USA) in 1.5 ml tubes on high power with 12 cycles of 30 s on and 30 s off. DNA was precleared with the Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology; sc-2003) and incubated overnight with E2F1 (Santa Cruz Biotechnology; sc-193), E2F4 (Santa Cruz Biotechnology; sc-866), E2F7 (Santa Cruz Biotechnology; sc-66870) or IgG (Millipore; 12-371) antibodies. Immunoprecipitations were performed using Protein A/G PLUS-Agarose beads. DNA was purified using the QIAquick PCR Purification Kit (Qiagen). Quantitative real-time PCR using promoter-specific primers ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}) was performed to identify the amount of immunoprecipitated target DNA sequence. 1% of the sample before immunoprecipitation was used as an input control.

ChIP-seq and microarray analysis
--------------------------------

A cutoff for the expression microarray of p53-regulated genes using 5 ng of doxycycline to induce p53 was set at 0.2 for upregulated and downregulated genes.^[@bib34]^ We then used a perl script to find the E2F4 ChIP-seq peak score of all of these genes from the p53 microarray.^[@bib49]^ We made a heatmap using R (R development core, [www.r-project.org](http://www.r-project.org)) of these genes, their binding coefficient and the microarray levels. Correlation with the E2F4 ChIP-seq peak score was computed in R. The *P*-value was determined using Pearson\'s correlation test.
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![p21 is required for the downregulation of p53-repression targets. HCT116 WT, HCT116 p53−/−, and HCT116 p21−/− cells were treated with 0.5 μ[M]{.smallcaps} doxorubicin (Doxo), 20 μ[M]{.smallcaps} nutlin-3, or vehicle control for 24 h. (**a**) Cell-cycle analysis. The propidium iodine intensities and the percentages of cells in each cell-cycle phase are indicated. (**b**, **c**) Quantitative RT--PCR showing the expression of (**b**) p53 upregulated target genes and (**c**) p53-repression target genes. Error bars indicate s.d. of representative experiments performed in triplicate.](onc2013378f1){#fig1}

![Inhibition of p21 abrogates the ability of p53 to repress its target genes. p53 was induced in EJp53 cells stably expressing either shGFP or shp21 by reducing the tet concentration from 1.0 to 0.02 μg/ml for 24 h. (**a**) Cell-cycle analysis. The propidium iodine intensities and the percentages of cells in each cell-cycle phase are indicated. (**b**, **c**) Quantitative RT--PCR (**b**) and immunoblots (**c**) showing the expression of p53 and its upregulated target genes p21 and MDM2. (**d**) Quantitative RT--PCR of p53 downregulated genes. Error bars indicate s.d. of representative experiments performed in triplicate.](onc2013378f2){#fig2}

![p21 in the absence of p53 is sufficient for the downregulation of p53-repression targets. p53 and p21 were induced in EJp53 and EJp21 cells, respectively, by the complete removal of tet for the indicated time points. (**a**) Cell-cycle analysis. The propidium iodine intensities and the percentages of cells in each cell-cycle phase are indicated. (**b**, **c**) Quantitative RT--PCR (**b**) and immunoblots (**c**) showing the expression of p53 and its upregulated target genes p21 and MDM2. (**d**) Quantitative RT--PCR of p53-repression target genes. Error bars indicate s.d. of representative experiments performed in triplicate.](onc2013378f3){#fig3}

![p16 is sufficient for the downregulation of p53-repression targets. p16 was induced in EJp16 cells by the complete removal of tet for the indicated time points. (**a**) Cell-cycle analysis. The propidium iodine intensities and the percentages of cells in each cell-cycle phase are indicated. (**b**, **c**) Quantitative RT--PCR showing the expression of (**b**) p16 and (**c**) p53-repression target genes. Error bars indicate s.d. of representative experiments performed in triplicate.](onc2013378f4){#fig4}

![Regulation of known E2F target genes by p53, p21, and p16. (**a**) Quantitative RT--PCR of E2F target genes in EJp53, EJp21, and EJp16 cells. p53, p21, and p16 were induced in their respective cells by the complete removal of tet for 24 h. (**b**) Quantitative RT--PCR showing the expression of E2F target genes in HCT116 WT, HCT116 p53−/−, and HCT116 p21−/− cells treated with 0.5 μ[M]{.smallcaps} doxorubicin (Doxo), 20 μ[M]{.smallcaps} nutlin-3, or vehicle control for 24 h. Error bars indicate s.d. of representative experiments performed in triplicate.](onc2013378f5){#fig5}

![E2F4, but not E2F1 or E2F7, is recruited to p53-repression target promoters in response to p53 or p21 induction. ChIP analysis showing E2F1, E2F4, and E2F7 promoter occupancy on p53 repression and E2F target promoters in the presence and absence of (**a**) p53 in EJp53 and (**b**) p21 in EJp21 cells. p53 and p21 were induced in their respective cells by the complete removal of tet for 72 h. AChR was used as a negative control. Target sequences were detected by quantitative RT--PCR of eluted DNA. The promoter occupancy is shown as the percent of input DNA. Error bars indicate s.d. of representative experiments performed in triplicate.](onc2013378f6){#fig6}

![The p53-repression target ARF is not regulated by p21 or E2F4 repressive complexes. (**a**) Quantitative RT--PCR showing the expression of ARF in EJp53, EJp21, and EJp16 cells. p53, p21, and p16 were induced in their respective cells by the complete removal of tet for the indicated time points. (**b**) Quantitative RT--PCR showing the expression of ARF in EJp53 cells stably expressing shGFP or shp21. p53 was induced in by reducing the tet concentration from 1.0 to 0.02 μg/ml. (**c**, **d**) ChIP analysis of the indicated genes showing the ratio of E2F4 to E2F1 promoter occupancy in (**c**) EJp53 cells induced for p53 for 72 h and (**d**) EJp21 cells induced for p21 for 24 and 48 h. Error bars indicate s.d. of representative experiments performed in triplicate.](onc2013378f7){#fig7}

![E2F4 promoter recruitment by RB family members is essential for p53-mediated gene repression. p21 was induced in EJp21 cells expressing either HPV E7 or vector control by the removal of tet. (**a**, **b**) Quantitative RT--PCR of p21 (**a**) and immunoblot of p21 and HPV E7 levels (**b**). (**c**) ChIP analysis showing E2F4 promoter occupancy on p53-repression target promoters. AChR was used as a negative control. Target sequences were detected by quantitative RT--PCR of eluted DNA. The promoter occupancy is shown as the percent of input DNA. (**d**) Quantitative RT--PCR of p53-repression target genes. Error bars indicate s.d. of representative experiments performed in triplicate.](onc2013378f8){#fig8}

![Global correlation between p53-mediated gene repression and E2F4 promoter occupancy. (**a**) Heatmap showing the correlation between the E2F4 ChIP-seq peak score and the p53 microarray expression levels. Row Z-score was performed on the log2-transformed values for each gene. (**b**) E2F4 ChIP-seq peak scores were divided into low (\<4.5), medium (4.5--7.5), high (7.5--20), and very high (\>20) binding groups. The percentage of p53 upregulated and downregulated genes, normalized for total gene number, that fall into each of these categories is shown in the form of a bar graph.](onc2013378f9){#fig9}
